In spite of the great diversity of forms found in nature, most metazoans are organized along an anteriorposterior and a dorsoventral axis. These two orthogonal axes define the left and right sides of animals. While most animals show overall bilateral symmetry, in some cases, specific features or organs display consistent left and right asymmetries that can be critical for their normal functioning. Descriptions of these asymmetries and the mechanisms behind them are available mainly for deuterostomes, whereas information for other groups like spiralians is rather scarce. Here I review previous and recent data, highlighting the relevance of the cleavage program in establishing the dorsoventral axis and therefore the left and right sides of spirally cleaving embryos of groups like platyhelminthes, nemerteans, mollusks, and annelids. In addition, I summarize morphological asymmetries detected throughout embryogenesis and in the adult forms of these groups as well as the mechanisms involved in these processes. This information contributes to our understanding of how bilateral asymmetries are regulated in spiralians and provides additional insights into the evolution of left-right asymmetries through the evolutionary history of bilaterians.
Introduction
Most metazoans are organized along a primary and a secondary axis i.e., anterior-posterior and dorsal ventral axis. Most of them also exhibit bilateral symmetry in their body plans which means that there is an exact correspondence in the regular conformation of their components with respect to a bilateral axis, the axis that runs longitudinally through the middle line and separates the right and left sides of the body. Thus, while most features have left and right counterparts, many examples of bilateral asymmetries can be found among representatives of Metazoa, e.g., the direction of the looping of gonadal ducts in arthropods, the bilateral differentiation of the position of unpaired organs like the heart and liver in vertebrates, the asymmetric specialization of claws in certain species of crabs, and the asymmetric neuronal development in vertebrates or the spiral coiling of snails' shells (see Palmer 1996; Levin 2005; Taylor et al. 2010 for a review). These asymmetries originate at different stages during development; they can affect the entire body plan or be restricted to certain structures, be inherited or depend on environmental factors, and are either random or fixed in their directionality. This great variation has hampered studies on the mechanisms behind these morphological features and on their origin and evolution (Palmer 2004) .
A consistent asymmetrical feature can exhibit two enantiomorphs, i.e., two mirror images. Random preference between these two images, antiasymmetry, is usually induced by environmental factors and almost always lacks a genetic basis (Palmer 2009 ). For example, the presence of the large crusher claw on the left or the right side of the American lobster seems to be stochastic (Govind 1989) . However, in most cases, one of these two alternative forms is exclusive or predominates over the other (directional asymmetry). For instance, in mammals the aorta loops to the left, the right lung has four lobes in contrast to the monolobed left lung, and the liver has a single left lobe (Romer 1949) . Some of these asymmetries are essential to the proper packing and connecting of internal organs. While individuals that are perfect mirror images of the majority condition are generally viable, individuals in which there are random or no asymmetries at all are often severely compromised. The clinical significance of such variations has promoted the study of the timing and nature of this lateralization, mainly in vertebrates. Although functional asymmetry has been little investigated in invertebrates, some studies have shown that innate laterality can provide significant advantages (Takeuchi et al. 2008) . However, the origin of these polarities and the mechanisms behind this bias remain mostly unknown for many organisms like spiralians (mollusks, annelids, polyclad platyhelminthes, among others).
Classical studies in embryology have shown that bilateral symmetry is determined in early stages during embryogenesis in spiralians, a group of organisms characterized by the oblique orientation of the cleavage planes with respect to the animalvegetal pole. During the first divisions one of the macromeres generated at the four-cell stage (D macromere) and its descendants become determined as the dorsal-posterior quadrant of the embryo. This event, known as D-quadrant specification, can be specified by two different mechanisms: cell-cell interaction in equally cleaving embryos (van den Biggelaar and Guerrier 1979; Arnolds et al. 1983; Martindale et al. 1985) or by cytoplasmatic localization of determinants in unequally cleaving embryos (van Dam et al. 1982; Lambert and Nagy 2002) . In equally cleaving embryos, the D-quadrant will be specified by inductive interactions along the animal-vegetal axis after the fifth division, when one of the macromeres contacts the micromeres of the animal pole . Although every macromere has the potential to become the D-quadrant, those that form the vegetal cross-furrow will have a more central position during the subsequent divisions and are more likely to contact the cells at the animal pole and therefore become the D-quadrant. Hence, the location of the macromeres during the first divisions will be critical in equally cleaving embryos. On the other hand, the first divisions in unequally cleaving embryos will segregate specific factors (that are still unknown) to one of the macromeres that at the four-cell stage will generally be the largest in size. Thus, the specification of the D-quadrant happens much earlier in these embryos. Blocking the contact between cells in the first case (Martindale et al. 1985) or the localization of determinants in the second case (Clement 1976 ) during embryogenesis will lead to radialized larvae with no axis specification. Once the D-quadrant is specified, it will act as the organizer of the embryo (Lambert 2007) , controlling by cellular interactions the development of the adjacent quadrants A, B, and C, that will give rise to the left, ventral and right regions, respectively (Wilson 1898; Costello and Henley 1976; Verdonk and van den Biggelaar 1983) . In some spiralians, like annelids and mollusks, the bilaterality of these embryos is established when the 4d blastomere, a descendent of the D macromere, divides bilaterally to produce two mesoteloblasts, one on the right and one on the left. However, in other spiralians, the bilaterality is not established until later stages (Surface 1907; Delsman 1915) . Thus, comparative studies in spiralian embryos have shown that there are significant differences in both the timing and the mechanisms of specification of the bilateral axis.
Through subsequent morphogenesis, several leftright asymmetries can be detected in the larvae of some spiralians that in some cases will also correspond with left-right asymmetries in the adult forms. In other cases, these asymmetries are only detected at the larval stages, whereas adults present bilaterally symmetric bodies. In this review, I briefly summarize data on specification of the dorsoventral axis during spiralian embryogenesis and describe some left-right asymmetries in larval and adult forms in platyhelminthes, nemerteans, mollusks, and annelids. The mechanisms proposed to determine bilateral asymmetries in spiralians are discussed from an evolutionary perspective.
Platyhelminthes
Among Platyhelminthes, only polyclads show a spiral-cleavage pattern followed by a planktonic free-swimming larva (either Müller or Goette larva). Cell-lineage studies of this group have shown that the first cleavage plane is oblique to the future bilateral axis of the larva (Fig. 1A ) (Wilson 1898; Surface 1907) . Future axial identities of the progeny of the four macromeres follow the same pattern observed in other spiralians with A, B, C, and D progeny located in the future larva at the left, ventral, right, and dorsal positions, respectively Boyer et al. 1998) . In addition, traditional embryological studies have proved that although there must be early components to specify some quadrants' fates, cell-cell inductions and more specifically the vegetal cross-furrow macromeres play a significant role in determination of the D quadrant (Boyer 1989 (Boyer , 1995 . The left and right sides can be identified during cleavage stages, when the micromere 4d 1 divides meridionally and gives rise to the right and left mesentoblast (Surface 1907) . Therefore, this relevant event happens one cleavage stage later than in other spiralians, like mollusks and annelids, since, as mentioned above, 4d, and not 4d 1 , is the mesentoblast that will give rise to the left and right mesodermal bands.
The indirect development of some polycladids (Cotylea) results in a ciliated, free-swimming Müller larva that comprises an oral hood, a suboral plate, and several dorsally and ventrally projecting larval lobes. A single, but discontinuous, ciliary band runs along the margin of these lobes in an asymmetric way in the species Pseudoceros canadensis; the ciliary band of the ventral lobes connects to that of the dorsal lobes on the right side, whereas on the left side, the ventral loop and the suboral plate are joined, but they fail to connect with the dorsal loop (see Fig. 3 in Lacalli 1982 ). In addition, detailed studies on the ultrastructural features of the innervation of the ciliary band and of the organization of the larval nervous system have shown that the overall arrangement of nerves is mainly bilaterally symmetric, although there is a slight asymmetry in the contacts between the ciliary nerves and the central nerve cords. In Lacalli's (1982) words: ''on both sides, the dorsolateral cord terminates just in front of the point at which the ciliary nerve in the ventrolateral lobe branches. On the right side, penetration and contact with the ciliary nerve occurs at this point. On the left side, however, penetration is achieved through a small lateral branch from the main cord, and contact is through the more lateral of the two branches of the ciliary nerve'' (see Fig. 18 in Lacalli 1982) . The propagation of unidirectional metachronal waves along the band is the most obvious functional asymmetry in the larva, which is reported to be dexioplectic, i.e., it travels in an anticlockwise direction as seen from above in the Müler larva (Knight-Jones 1954) . Lacalli (1982) suggested that the structural asymmetries described in the ciliary bands and the nervous connections are related to the directionality of the waves.
Electron microscopy has shown differences in light-sensitive structures in the right and left eyes of certain species of Platyhelminthes: while the right eye extends an array of microvilli into the eyecup, the left eye contains arrays of both microvilli and cilia (Eakin and Brandenberger 1981) . Some heterochronies between left and right sides during development of the eye have also been described both for Müller and Goette larvae (Lanfranchi and Bedini 1986; Boyer 1987) . Histological studies of eye development in the Goette larvae of Stylochus mediterraneus have shown that, while the left epidermal eye persists through larval development, the right epidermal eye is a transitory structure that will eventually disappear and differentiates into a cerebral eye (Lanfranchi and Bedini 1986) . In addition, in the Goette larvae of the polyclad Imogine mcgrathi the left epidermal eye is located laterally adjacent to the brain while the right cerebral eye forms part of the brain, and the neuropile, the neurons branching domain, is thicker and extends farther laterally on the right side (Younossi-Hartenstein and Hartenstein 2000).
On the other hand, morphological studies of adults have described perfect symmetric conformations along the bilateral axis. Although the anatomy of the nervous system has species-specific patterns within the Platyhelminthes, a high level of symmetry between the right and left sides is the norm (Joffe and Cannon 1998) . Statocysts are unpaired but located medially near the brain. The digestive system has a symmetric sac-like gut and when branches are present, they are also symmetric. There is a single opening associated with the digestive system and located in the ventral surface following the ventral midline. The arrangement of the musculature of the body wall has also been described as bilaterally symmetric. This musculature consists of an outermost layer of circular fibers, and an innermost layer of longitudinal fibers. In addition, there is usually a layer of diagonal fibers in polyclad and tricladid platyhelminthes (Rieger et al. 1991) . Although these fibers are reported to be more common in the caudal half of the body in some species of Macrostomum, leading some to speculate that this could be related to the tendency in this species to rotate around the longitudinal axis while swimming in the water column (Rieger et al. 1991) , no differences were found in the left-right axis. On the other side, the remaining species of platyhelminthes have diagonal musculature exclusively in the anterior half and, on specific occasions, on the caudal half as well. Willey (1897) described the genus Heteroplana as an exception to this general rule of symmetry in polyclads. This genus was described to have hypertrophy in the right side and atrophy on the left half of the body. However, no more specimens of this species have been found since then, and most authors currently think that this specimen was described during regeneration of the left side and therefore there is doubt about the validity of this species (Böhmig 1899) .
In addition, a recent study of the planarian Dugesia (Nogi et al. 2005) has shown that during regeneration, cells on the left and right sides of the head exhibit different sensitivities to an inhibitor of H þ /K þ -ATPase that causes consistent functional asymmetry in defects in eye patterning. The inhibition of the H þ /K þ -ATPase ion pumps induces defects in eye regeneration, which is biased on the right side. However, more thorough studies are needed to clarify the molecular basis of this phenotype and its functional regulation.
Among turbellarian platyhelminthes, the asymmetries of the reproductive system of rhabdocoels are the most relevant. While in other turbelarians both female and male reproductive systems are located on both sides of the bilateral axis, in rhabdocoels the female reproductive system is located to the right and the male system to the left with respect to the ventral midline (Ludwig 1932) . Throughout the evolutionary history of rhabdocoels, the male's system has been reduced on the right side and that of the female has been reduced on the left.
Nemertea
All nemerteans studied so far possess equal spiral cleavage. However, while the basal nemertean lineages have direct development (or semi-direct through a ciliated planuliform planktonic larva), the most derived lineages undergo an indirect development with a swimming larva, the so-called pilidium, that eventually will metamorphose into a juvenile form. In those with direct development, there is a correspondence in the dorsoventral and anterior-posterior axis in the embryo and the adult form. However, although this is also the case in some species with pilidium larva, in most of the species with indirect development the dorsoventral and anterior-posterior axes of the adult form are shifted 908 with respect to that in the pilidium larva. Furthermore, the axiality of the adult runs in a direction opposite to the larval axes in the genus Micrura (Iwata 1985) . Therefore, dorsoventral and anterior-posterior axial identities of early cleavages and adults can be different among different groups of nemerteans, although identities of left and right axes remain constant.
In addition, significant differences can be detected in both the timing and the specification of the bilateral axis among nemerteans. One of the most intriguing aspects is that the first cleavage plane in the most derived group of nemerteans can assume two different orientations with respect to the future axis of bilateral symmetry Martindale 1994, 1998) (Fig. 1B) . Elegant experiments on Cerebratulus lacteus, a representative of the most derived linage in nemerteans, have shown that cell-cell interactions, not the first cleavage plane, are determinants of bilateral axis specification (Henry 2002 ). Henry's study has demonstrated the critical role of the interactions between micromeres and macromeres in specifying the dorsoventral axis in this group. This species, like most nemerteans, does not have a cross-furrow since the second division is meridional and all macromeres are spread on a single plane. This configuration means that there are no preferences among macromeres to become the D-quadrant, since all of them will potentially have the same chances to interact with the micromeres of the animal pole. Therefore, these observations suggest that the first and second cleavage planes do not play a causal role in specification of the axis in derived nemerteans (Henry 2002) . However, earlier experiments on the same species, based on compressing the embryos to modify the early cleavage planes, have shown that modifications in the early cleavage axis produce normal larvae that exhibit altered quadrant identities, which suggests that the dorsoventral axis in these nemertean embryos may be specified early during development, prior to the first cleavage division Martindale 1995, 1996) . These two apparently incongruent results have been conciliated by these authors by two possible explanations: either the compression experiments somehow modify the later cleavage divisions or there are specific factors that predispose the orientation of the bilateral axis in the egg, although micromere induction is essential to fully determine the dorsoventral axis (Henry 2002) .
On the other hand, in the basal groups of nemerteans, the palaeonemerteans, there is a fixed relationship between the first cleavage plane and the plane of bilateral symmetry of the larval body. This is considered to be the ancestral condition in nemerteans as it follows the typical spiralian cleavage program. Further experiments are needed to understand the mechanisms that regulate the specification of the D-quadrant in this group of nemerteans (i.e., cell-cell interactions versus specific determinants). However, the presence of the cross-furrow in some species in this group suggests that specific positioning of the cells might be relevant (Maslakova et al. 2004) .
Despite these differences, experiments tracing the lineages of cells have shown that identities of quadrants in nemerteans are homologous to those of other spiralians and that the descendants of A and B macromeres will give rise to the left-ventral domain of the larva whereas descendants of C and D will form the right-dorsal domain (Henry and Martindale 1999; Maslakova, et al. 2004 ). The ciliated planuliform planktonic larva of nemerteans has no consistent left-right asymmetries except for those described in the eye-patterning process. These larvae have exclusively one eye that is located on the right side in a ventrolateral position and is formed by the progeny of the micromere 1c , as shown by data on the tracing of cell lineages (Maslakova et al. 2004) . Further experiments should be performed to fully understand the molecular mechanisms behind these differences. However, the larval eye will not contribute to the adult eye. No left-right asymmetries have been described in the pilidium larva or in the adult forms of nemerteans.
Mollusks
As mentioned earlier, mollusks (except cephalopods) have spiral cleavage. Most species of snails as well as some bivalves and all poliplacophorans that have been studied so far have equal cleavage, while unequal cleavage is the norm in some other species of snails, bivalves, scaphopods, and solenogastres (Freeman and Lundelius 1992) . The role of the D-quadrant as an organizer has been proved in snails, poliplacophorans, and scaphopods. In equal cleavers, the D-quadrant is specified by inductive interactions between one of the macromeres and the descendents of the micromeres (van den Biggelaar 1977; Martindale et al. 1985) while in unequal cleavers the D-quadrant is specified by asymmetrical segregation of a set of cytoplasmic determinants to one blastomere at the four-cell stage (Lambert 2007) . Unequal cleavage can be determined by eccentric placement of the spindle, as in some bivalves, or by the formation of a cytoplasmatic protrusion at the vegetal pole (polar lobe) that will specifically be inherited by one of the daughter cells, as in snails, bivalves, and scaphopods. Experiments in which the polar lobe is deleted in snails and scaphopods results in radialized larvae that lack major structures like eyes, foot, heart, intestine, and shell (Cather and Verdonk 1979; Henry et al. 2006) .
The description of the activation of the mitogen-activated protein-kinase (MAPK) signaling pathway specifically in the descendants of the D-quadrant in snails and poliplacophorans, both those with equal clevage and those with unequal cleavage, provided the first molecular clue in D-quadrant specification (Lambert and Nagy 2001, 2003) . MAPK network is broadly known to regulate cell division, gene transcription and cell differentiation in Metazoa (Iakovleva et al. 2006) . Inactivation of the pathway in mollusks leads to abnormal, radialized larvae with similar defects to those in larvae that have had their polar lobes removed or those in which cell-cell inductions were blocked, as well as the knockdown of some genes known to be involved in cell conformation and movement (Lambert and Nagy 2001, 2003) . Experimental studies have shown that this cascade is critical for normal cleavage cycles of the D-quadrant, normal induction of the D-quadrant to the micromeres, and subsequent organizer activity and proper differentiation. In summary, the MAPK cascade is necessary for specification of the dorsoventral axis and therefore indirectly for defining left and right in mollusks.
In most mollusks, as in other spiralians, the first cleavage plane and the future bilateral axis are shifted 458 (Fig. 1C) . Although this is also the case in bivalves, in some species these axes can be shifted in either a clockwise or a counterclockwise direction (Fig. 1D) . In these species of bivalves, the first cleavage is unequal and the smaller AB blastomere will be situated either to the right or to the left of the entrance point of the sperm. The next cleavage is unequal in CD only, with the D blastomere being the largest quadrant of the embryo. The D blastomere will always be located at the opposite site of the sperm's entrance point and therefore the future bilateral plane will be located with two different orientations with respect to the entrance point (Guerrier 1970b) . Thus, the C quadrant will be located to the right or to the left side of the embryo. However, the resulting embryos of these alternative options are identical (Guerrier 1970b) .
Among mollusks, the asymmetries in the direction of the coiling of the shell and in the body organization of snails (the chirality) constitute a textbook example of left-right asymmetries and understanding the mechanisms behind them has intrigued scientists during the past two centuries. Some snail species present two mirror images of the direction of shell coiling; in sinistral snails the shell coils in an anticlockwise direction (left-handed) and in dextral snails, the shell coils in a clockwise direction (right-handed). The dextral configuration is the most common and has been proposed as the ancestral state in gastropods, as suggested by the fossil record (Ponder and Lindberg 1997) . Therefore, an asymmetric configuration constitutes a remarkable feature in snails. The question then is: how and when are these asymmetries defined?
Classical genetic studies showed that body handedness in the offspring is genetically determined by a maternal effect locus (Sturtevant 1923; Boycott et al. 1930; Freeman and Lundelius 1982) , but the molecular nature of the gene involved remains unknown. Several studies have shown that the direction of the first spiral cleavage, i.e., the third cell division of the embryo, is critical in defining body handedness (Meshcheryakov and Beloussov 1975) . For dextral individuals, the spiral cleavage of the third cell division follows a clockwise direction, whereas in sinistral snails, this spiral cleavage rotates in an anticlockwise direction. When comparing the cytoskeletal dynamics of both cleavages, remarkable temporal and spatial differences in inclination of the helical spindle and in deformation of the spiral blastomere between dextral and sinistral forms are found (Shibazaki et al. 2004) . Inverting the spiral direction of this cleavage by mechanical manipulation leads to snails with inverted body handedness that are fertile and produce offspring with the handedness dictated by their genotype (Kuroda et al. 2009 ). In summary, these results suggest that genetically controlled cytoskeletal dynamics define the cell's arrangement and the direction of the third cleavage division and ultimately body handedness in snails.
Once handedness is defined in early cleavage stages, the arrangement of the quadrants will be consistent with this chirality. Thus, the C-quadrant is to the right and the A-quadrant is to the left of the dorsal D-quadrant in dextral snails and follows the opposite arrangement in sinistral snails. Therefore, as in other spiralians, A, B, and C quadrants will give rise to left, ventral, and right larval domains in dextral snails. On the other hand, A, B, and C quadrants will give rise to right, ventral, and left larval domains in sinistral snails. However, experimental studies have shown that in gastropods, A and C quadrants will not contribute equally to the morphogenesis of the posterior ectoderm. While the A-quadrant seems not to be relevant in this respect, the C-quadrant contributes substantially to the morphogenesis of the posterior ectodermal structures such as the shell and the mantle cavity (Verdonk 1979) . Interestingly, this domain shows the first clear leftright asymmetries in the larva, since after the shell gland has originated in the dorsal posterior midline, this area will shift to the left in dextral snails and to the right in sinistral snails. This displacement of the shell gland is due to a differential growth on both sides of the posterior ectoderm, the right side growing faster in dextral snails and the left side in sinistral snails (Verdonk 1979) . Thus, the C-quadrant progeny has a predominant role in the positioning of the organs and the asymmetries in snails. Recent studies have shown that exclusively the C-quadrant progeny and in particular this posterior ectoderm domain express the gene nodal, a gene related with determination of left-right asymmetries in deuterostomes (echinoderms, ascidians, vertebrates, among others). nodal is asymmetrically expressed in snails and its expression correlates with the chirality and the identities of the quadrants described earlier (i.e., C-quadrant on the right side in dextral snails and on the left in sinistral snails) (Grande and Patel 2009a) . Disruption of the Nodal pathway in snails will affect the role of this pathway of the C-quadrant, modify left-right asymmetries in the posterior ectoderm and produce non-coiled symmetrical shells (Grande and Patel 2009a) . Although the description of this pathway in snails has provided valuable information about the mechanisms behind bilateral asymmetries in this group of mollusks, further studies are needed to understand how nodal expression is regulated and which is the actual symmetry-breaking event in snails.
In addition, snails show a well-defined left-right asymmetry in internal body structures; in dextral snails the right renal organ is the largest, there is only one gonad located on the right, and the digestive gland is also asymmetric. One of the most relevant features in the anatomy of the snails is the pallial cavity, the space that contains the gills, as well as chemoreceptors and glandular structures. The pallial cavity and the associated neuronal and renovascular systems have been reduced or lost on the right side several independent times throughout the evolutionary history of the snails (Lindberg and Ponder 2001) . In addition, in some limpets, the main retractor muscle is asymmetric (Wanninger et al. 1999) . Furthermore, although right and left pericardium anlage will appear, only the right will persist in some pulmonates while the left one will become smaller and finally disintegrate (Moor 1983) . Nudibrachs are considered to be secondarily bilaterally symmetric, since they lack the shell and the pallial cavity. However, they maintain the asymmetries in the digestive gland (the left diverticulum being larger than the right one) and in some species, a structure that might have an excretory function is only found on the right side (Tardy 1970) .
Detailed anatomical studies are scarce for other groups of mollusks. Polyplacophorans are mostly symmetric although clear asymmetries characterize their digestive system: the intestine becomes rather long, forming many loops and, as in gastropods, the left diverticulum of the digestive gland is larger than the right one (Ludwig 1932) . Bivalves are fundamentally symmetric, although some asymmetries in the dentition and inner ventral crenulation as well as in the sizes of right and left valves have been described (Matsukuma 1996) . Scaphopods show a slight asymmetry in the digestive system and although the asymmetries described in solenogastres are species-specific, those in the gonads are the most common (Ludwig 1932) .
Annelida
Annelids and mollusks have very similar patterns of spiral cleavage. Different species go through unequal or equal divisions and the role of the D-quadrant in determination of the dorsoventral axis has been described for several species (Tyler 1930; Novikoff 1940; Guerrier 1970a; Render 1983; Dorresteijn et al. 1987; Henry and Martindale 1987) . As in other spiralians, the first unequal cleavage will be relevant to dorsoventral organization (Dorresteijn et al. 1987) . In polychaetes, most of the species with unequal cleavage do not form polar lobes. In cases in which they do, e.g., the polychaete Chaetopterus, the first polar lobe does not play a critical role in D-quadrant specification but the vegetal region of the CD cell does (Henry 1986 (Henry , 1989 Henry and Martindale 1987) .
Recent studies of annelids have shown that the MAPK pathway is activated one division later than in mollusks, in the 4d micromere, which suggests this cell acts as the organizer in this group (Lambert and Nagy 2003) . In some species of annelids with equal cleavage, e.g., Hydroides, the first indication of bilaterality takes place when the micromere 2d 22 , that is in contact with 4d, divides in a bilateral pattern to give rise to a right and a left micromere just in the onset of MAPK activity (Mead 1897; Treadwell 1901; Groepler 1984; Lambert 2007) . These data suggest than in spite of the conserved cleavage pattern among annelids and mollusks, there are relevant differences in timing of the specification of the dorsoventral axis (Lambert and Nagy 2003) .
Polychaetes represent the most basal lineage among annelids and they are mostly bilaterally symmetric. However, some asymmetries have been described in the number, proportions, and shapes of left and right elements in the sclerotized jaws in the pharynx (Paxton 2009 ). In addition, in the species Capitella teleta, the anterior domain of the gut follows an asymmetric pattern, since the pharynx meets the esophagus on the right ventral side and the esophageal canal connects with the midgut on the left side (Boyle and Seaver 2008) . In addition, some polychaete families build calcareous tubes that are coiled in either clockwise or anticlockwise directions. However, both directions of coiling are usually found with no preference for one or the other, and they seem not to be genetically controlled (Palmer 1996) . This is also the case for the position of the functional operculum which is initially formed on the left side in juvenile animals, although some specimens will make a transition to the right side so that in the end there is an equilibrium of both forms in natural populations (Schochet 1973) .
Conclusion
Experimental approaches to spiralian embryology have provided new insights into axial patterning and in specificaion of the blastomere. Comparative analysis in different spiralians has proven useful in determining the mechanisms involved in specification of the dorsoventral axis and in the extent to which these mechanisms are conserved (table 1) . These studies have pointed out that, although there is a notable plasticity, cell-cell inductions seem to be the ancestral mechanism organizing spiralian embryos (Freeman and Lundelius 1992) . Therefore, cell positioning and interactions among macromeres and micromeres seem to be ancient events in spiralian evolution. Once the dorsoventral axis is specified, the axis of bilateral symmetry is established and therefore right and left sides are defined.
Left-right asymmetries detected in spiralians are rather diverse (table 1) . Some asymmetries are found in sensorial areas (nemerteans and platyhelminthes), others in the locomotive cilia and nervous connections (platyhelminthes), some in the direction in which the gut loops as in annelids and in the direction in which shells coil in snails. Therefore, it is reasonable to think that there are probably many different mechanisms regulating this variety of morphological configurations. The fact that Nodal, the critical ligand that regulates bilateral asymmetries in deuterostomes, has also been identified in mollusks and annelids, together with the finding that nodal is asymmetrically expressed along the left-right axis and functions in left-right asymmetry in both snails and deuterostomes, suggests that the role of the Nodal signaling pathway in left-right asymmetry predates the split of the Bilateria and therefore that it was already the ancestral function for spiralians Patel 2009a, 2009b) . New data on the existence, components, and function of the Nodal pathway in other spiralians are required to test these hypotheses and get new insights into the mechanisms behind left-right asymmetries in spiralians.
Interestingly, the morphological asymmetries described as taking place during snail embryogenesis do not have counterparts in other spiralians. As mentioned above, the remarkable left-right asymmetries described for snails are due to a differential morphogenesis on both sides of the posterior dorsal ectoderm. While this domain is formed by D and C quadrants in snails, in other spiralians it is symmetric and it is exclusively formed by the D-quadrant. The gene nodal is strongly expressed exclusively in the C-quadrant during snail development and therefore, one might ask if the expression of nodal in the progeny of the C-quadrant and in the asymmetries in the posterior dorsal ectoderm constitute an exclusive feature of snails. Only future studies of other spiralians will help to clarify the ancestral role of the Nodal pathway and its evolution through spiralian diversification.
Another relevant observation in snails refers to the differences in the inclination of the spindles and in the helical deformation of the mother cells between dextral and sinistral forms during the third division. Different spindle orientation in dextral and sinistral snails will determine the direction of the first spiral cleavage, the side of the embryo that will subsequently express nodal, and the chirality of the adult form. Modifications in the actin cytoskeleton (but not in the microtubules) correlate with modifications in snail chirality (Shibazaki et al. 2004 ). The role of actin and associated motors in the specification of left-right asymmetries has also been proven in vertebrates and flies, although the actual mechanisms behind these observations are not clear yet (Aw and Levin 2009 ). However, if confirmed, this may indicate a conserved role of the actin cytoskeleton in specification of left-right asymmetries.
The asymmetric expression and functional experiments on several genes related to ion-pumps and ion channels suggest that an asymmetric ion flow through gap junctions could actively transport small left-right determinants in only one direction and therefore be involved in early symmetry-breaking in deuterostomes (excluding mammals) (Levin 2005) and nematodes (Huang et al. 2007 ). Interestingly, as mentioned above, an endogenous asymmetry in the function of the H þ / K þ -ATPase ion pumps has been proposed to affect regeneration of the head or eye in platyhelminthes (Nogi et al. 2005) . If true, that would support ion flow as an ancient mechanism for symmetry breaking in Bilateria.
Although new data are improving our understanding of the mechanisms that regulate left-right asymmetries, this is almost an unexplored field in spiralians. Some work has been done, mainly in snails, although a comparative approach in other spiralian systems is the only way to understand the evolution of left-right asymmetries throughout the diversification of the Bilateria. Little evidence has been produced so far to answer satisfactorily intriguing questions regarding the homology among similar morphological asymmetries in different organisms and the homology of the mechanisms behind them. In this sense, the recent description of the Nodal pathway in snails and its relation to specification of left-right asymmetry opens new and exciting research fields. 
